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Abstract
To characterize the transport mechanism mediated by the mammalian mitochondrial ADP/ATP carrier (AAC), we tried to
express bovine heart mitochondrial AAC (bhAAC) in Saccharomyces cerevisiae. The open reading frame of the bhAAC was
introduced into the haploid strain WB-12, in which intrinsic AAC genes were disrupted. Growth of the transformant was
very low in glycerol medium, and a little amount of bhAAC was detected in the mitochondrial membrane. For improvement
of bhAAC expression in WB-12, we introduced DNA fragments encoding chimeric bhAACs, in which the N-terminal region
of the bhAAC extending into the cytosol was replaced by the corresponding regions of the type 1 and type 2 yeast AAC
isoforms (yAAC1 and yAAC2). These transformants grew well, and the amounts of the chimeric bhAACs in their
mitochondria were as high as that of yAAC2. The carriers expressed showed essentially the same ADP transport activities as
that of AAC in bovine heart mitochondria. ß 1999 Elsevier Science B.V. All rights reserved.
Keywords: ADP/ATP carrier; Mitochondria; Oxidative phosphorylation; Functional expression of mammalian protein; Chimeric
recombination
1. Introduction
The mitochondrial ADP/ATP carrier (AAC or
ANT) mediates the transport of ADP and ATP
across the inner mitochondrial membrane. As this
transport is essential for ATP synthesis by oxidative
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phosphorylation, considerable attention has been
paid to this transporter [1^4]. Several isoforms of
AAC are known to be expressed in mammalian mi-
tochondrial membranes in a tissue-speci¢c manner
[4,5]. Of these, the isoform ANT1, referred to as
bhAAC in this paper, is predominantly expressed
in bovine heart mitochondria [5]. As the amount of
bhAAC in bovine heart mitochondria is very high,
being about 10% of the total proteins in the inner
mitochondrial membrane, to support the high energy
requirement of heart cells [6,7], studies on the struc-
tural features of AAC in relation to its transport
activity have mainly been carried out with bhAAC
[1^4].
We found from the reactivities of four cysteine
residues in bhAAC with the SH-reagents N-ethylma-
leimide (NEM) and eosin 5-maleimide (EMA) under
various conditions that the second loop facing the
matrix (loop M2) is the major site for recognition
and binding of the transport substrates ADP and
ATP [8^10], and that translocation of the ¢rst loop
from the matrix side to the inner side of the trans-
port path is responsible for the conversion of the
m-state to the c-state conformation necessary for ex-
hibition of the transport activity of the AAC [9,11].
Studies on the roles of certain amino acid residues
in the transport activity are of importance for under-
standing the molecular mechanism by which AAC
mediates the transport of ADP/ATP. Thus the e¡ects
of amino acid replacements should provide useful
information about the transport mechanism. How-
ever, there have been no studies on the structure^
function relationship of mammalian AAC by site-di-
rected mutagenesis, possibly because functional ex-
pression of mammalian AAC is di⁄cult [12]. As a
¢rst step in such studies, we tried to express bhAAC
in the yeast mitochondrial inner membrane, because
most structural and functional studies have been per-
formed with bhAAC [1^4].
Three isoforms of AAC, yAAC1, yAAC2 and
yAAC3, are reported to be expressed in Saccharomy-
ces cerevisiae [13^15]. Of these, yAAC2 is the major
form responsible for ADP/ATP transport in yeast
mitochondria [14], yAAC1 being expressed slightly
only under aerobic conditions [14], and yAAC3 being
expressed only in partially anaerobic conditions [16].
Hence, the structure^function relationship of yeast
AAC has been studied with the transporter yAAC2
[17^22]. As none of these AAC isoforms are essential
for yeast viability under conditions in which glyco-
lytic energy metabolism is dominant [13^15,23], an
AAC-de¢cient haploid strain can be established.
Thus, we tried to express bhAAC in mitochondria
of S. cerevisiae in which the AAC genes were dis-
rupted. We found that bhAAC was expressed in
yeast mitochondria, although in very low amount.
However, replacement of the N-terminal region of
bhAAC by the corresponding region of yAAC2 or
yAAC1 resulted in signi¢cant expression of bhAAC
with similar e⁄cient transport activity to that of
bhAAC in bovine heart mitochondria.
2. Materials and methods
2.1. Materials and reagents
The yeast shuttle vectors pRS305 (integrate type
[24]), pRS313, pRS314 (single-copy type [24]) and
pYO326 (multi-copy type, reported as pSQ326 [25])
were gifts from Dr. A. Nakano (Institute of Physical
and Chemical Research, Wako, Japan). The haploid
strain of Saccharomyces cerevisiae W303-1B (MATK
ade2-1 leu2-3, 112 his3-22, 15 trp1-1 ura3-1 can1-100)
[14] was from Dr. S. Shimizu (Osaka University),
and antiserum against the entire bhAAC was from
Prof. M. Klingenberg (University of Munich). Ex
Taq polymerase was obtained from Takara Shuzo
(Tokyo), [K-32P]dCTP and [14C]ADP were from Du
Pont^New England Nuclear (Wilmington, DE, USA)
and carboxyatractyloside (CATR) was from Sigma.
Other materials and reagents were of the highest
grade commercially available.
2.2. Growth conditions
All yeast cells were grown at 30‡C in YP medium
consisting of 1% yeast extract and 2% bactopeptone
supplemented with either 2% glucose (YPD), 2% ga-
lactose (YPGal) or 3% glycerol (YPGly) as a carbon
source. For selection of transformants, the cells were
grown at 30‡C in SD medium consisting of 0.67%
yeast nitrogen base w/o amino acid and 2% glucose
supplemented with standard concentrations of nutri-
tional requirements when necessary [26]. Solid media
contained 2% Bacto-Agar (Difco Laboratories).
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2.3. Disruption of intrinsic yeast AAC genes
We prepared the AAC-de¢cient strain WB-12 (the
same genotype as that of W303-1B except for
aac1 : :LEU2, aac2 : :HIS3) from W303-1B by homol-
ogous recombination with linear DNA fragments, as
reported previously [14,17,23]. First, partial deletion
of the coding sequence of the yAAC1 gene was car-
ried out as depicted in Fig. 1A. For this, a 2.48 kbp
fragment containing the yAAC1 gene was prepared
using amplimers of HT513 (5P-GGATCCAAA-
AGTACTGCGAA, coding strand of nucleotides
31262 to 31243 [27]) and HT426 (5P-TAGCT-
TGGCGTACGTAAACG, complementary strand
of 1117 to 1098 [13]). Then two DNA fragments of
the 5P-noncoding region (nucleotides 31261 to 3185)
and 3P-coding region (nucleotides 639 to 1117) were
prepared. These fragments were subcloned into
pRS305 (pRS305/yAAC1). The linearized fragment
of pRS305/yAAC1, which had LEU2 as a marker
gene and 5P-untranslated and 3P-translated sequences
of the yAAC1 gene at its ends, was used for trans-
formation of W303-1B by the lithium acetate method
[28]. The transformant WB-1 was selected on
SD+Ade, Ura, His, Trp plate.
Next, complete deletion of the coding region of the
yAAC2 gene of WB-1 was carried out as depicted in
Fig. 1B. For this, a 2.39 kbp fragment containing the
yAAC2 gene was prepared by PCR using amplimers
of HT423 (5P-ATTAGCCACGTCCATCCCTT, 5P-
£anking coding strand of nucleotides 3946 to
3927 [29]) and HT424 (5P-GTTCTCTAGGTCGA-
CGTCTA, 3P-£anking complementary strand of nu-
cleotides 1455 to 1436 [14]). After replacement of the
Fig. 1. Strategies for disruptions of yAAC1 (A) and yAAC2 (B) genes in yeast cells, and construction of expression vector (C). The
open and hatched regions shown on plasmids indicate the noncoding and coding regions of yeast AAC genes, respectively. Arrows in-
side plasmids represent the direction of gene coding. The marker genes HIS3 and LEU2 are shown by solid regions on plasmids. B,
H, X, SP, NC, SS, SA and ND indicate restriction sites of BamHI, HindIII, XbaI, SpeI, NcoI, SspI, SalI and NdeI, respectively. For
details, see Section 2.
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coding region of yAAC2 by HIS3 gene, the fragment
was used for transformation of WB-1. The trans-
formant WB-12 was selected on SD+Ade, Ura, Trp
plate. The genotypes of these strains were con¢rmed
by Southern blot analysis [30].
2.4. Preparation of DNA fragments encoding various
AACs
DNA fragments corresponding to the ORFs en-
coding bhAAC and yAAC2 were prepared by
PCR. To facilitate the following construction of ex-
pression vectors, we created restriction sites of NdeI
and BamHI arti¢cially in their 5P- and 3P-regions,
respectively. The template used for PCR of the
ORF encoding bhAAC was prepared by reverse
transcription of mRNA of bovine heart (Clontech
27288) in a similar way as described previously [31]
and genomic DNA of yeast strain W303-1B was used
as a template for PCR of the DNA fragment encod-
ing yAAC2. For ampli¢cation of the DNA fragment
encoding bhAAC [5], amplimers of HT431 (5P-CC-
GCTGTCcatATGAGCGATCA, nucleotides 311 to
+11; underlined and lower case letters represent the
created restriction sites and altered nucleotides, re-
spectively) and HT432 (5P-CAATGGATCTGGAtC-
CAATG, nucleotides 936 to 917) were used. In the
case of the yAAC2 [14], amplimers of HT499 (5P-
ATAcatATGTCTTCTAACGCCC, nucleotides 36
to 16) and HT501 (5P-AAGgATCcAGCCAGATTA-
GAC, nucleotides 978 to 958) were used. The DNA
fragments prepared were directly subcloned into the
pGEM-T vector and their nucleotide sequences were
con¢rmed.
For preparation of chimeric bhAAC, the DNA
fragment encoding the N-terminal region of the
yAAC2 was prepared by PCR using a cDNA of
the yAAC2 as a template and amplimers of HT499
and HT544 (5P-GCACTGACACCgCCggcTAAGA-
A) as downstream and upstream primers, respec-
tively. HT544 corresponds to the complementary se-
quence 79 to 101 bases downstream from the
translation initiation site of the yAAC2 gene [14].
The nucleotides shown by lower case letters were
used for creation of an arti¢cial restriction site of
NaeI. This mutation resulted in the substitution of
Met29 for Ala. The PCR product obtained was di-
gested to make an 87 bp NdeI^NaeI fragment. By
replacement of a 42 bp NdeI^NaeI fragment encod-
ing the N-terminal region of the bhAAC [5] by the
prepared 87 bp NdeI^NaeI fragment, a DNA frag-
ment encoding a chimeric bhAAC with the N-termi-
nal region of yAAC2 (y2NbhAAC) was obtained.
A DNA encoding chimeric y1NbhAAC, in which
the N-terminal region of bhAAC was replaced by the
corresponding region of yAAC1, was prepared sim-
ilarly. First, a DNA fragment encoding the N-termi-
nal region of yAAC1 [13] was prepared by PCR us-
ing DNA of yAAC1 as a template and amplimers of
HT809 (5P-ACAGCAcatATGTCTCACACAGA)
and HT811 (5P-AGAAACGCCGCCggcAAGGAA-
GT) as downstream and upstream primers, respec-
tively. Then, chimeric DNA encoding y1NbhAAC
was prepared by replacement of the 5P-terminus of
DNA encoding bhAAC by the DNA fragment.
2.5. Construction of expression vector
pRS314 (YCp-type containing TRP1) and
pYO326 (YEp-type containing URA3) were used as
vectors for transformation of the AAC-disrupted
yeast strain. As neither of these vectors had a con-
stitutive promoter, the promoter region of the
yAAC2 gene, a region of about 1 kbp of the
yAAC2 gene, was obtained by PCR. After deletion
of the intrinsic NdeI site [29] and creation of a new
NdeI site at their 3P-terminus, the promoter fragment
was subcloned into the SmaI sites of pRS314 and
pYO326 (Fig. 1C). The plasmids thus prepared had
a minor modi¢cation of the promoter of the yAAC2
gene and NdeI and BamHI restriction sites at the
3P-end. These two expression plasmids are referred
to as pRS314-YA2P and pYO326-YA2P, respec-
tively.
2.6. Preparation of yeast mitochondria
Yeast mitochondria were prepared essentially as
described by Nelson et al. [17]. The ¢nal mitochon-
drial pellet was suspended in ST medium consisting
of 250 mM sucrose and 10 mM Tris^HCl bu¡er (pH
7.4). Light mitochondria were removed by further
centrifugation of the mitochondrial suspension at
27 000Ug for 10 min at 4‡C. Heavy mitochondria
in the pellet were suspended in ST medium, and pu-
ri¢ed by repeated centrifugation. Protein concentra-
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tion was determined with a BCA protein assay kit
(Pierce) in the presence of 1% SDS using BSA as a
standard.
2.7. SDS^PAGE and immunostaining
SDS^PAGE in 10% polyacrylamide gel was per-
formed by the method of Laemmli [32]. Immuno-
staining was carried out as described previously [11]
except for the use of an ECL kit (Amersham) for the
detection of peroxidase activity. Chemiluminescence
was detected by exposure to X-ray ¢lm RX (Fuji
Photo Film, Tokyo) to the membrane at room tem-
perature in the dark and then the band intensity of
the X-ray ¢lm was determined at 560 nm in a Shi-
madzu chromato-scanner, model CS-9000.
2.8. Assay of ADP transport activity
The ADP transport activity of yeast mitochondria
was measured essentially as described previously [8].
Brie£y, mitochondria (1 mg protein/ml) suspended in
medium consisting of 250 mM sucrose, 1 Wg/ml oli-
gomycin, 0.2 mM EDTA^2Na and 10 mM Tris^HCl
bu¡er (pH 7.2) in a total volume of 250 Wl were
incubated for 5 min. Then, [14C]ADP (¢nal concen-
tration, 100 WM, speci¢c radioactivity, 36 kBq/Wmol)
was added, and the mixtures were incubated for 3
and 5 s at 0‡C. In the case of YEp/bhAAC, transport
was determined at 10 and 30 s. ADP transport was
terminated with 20 WM CATR and 5 WM BKA, and
the amount of [14C]ADP incorporated was deter-
mined from its radioactivity in an Aloka liquid scin-
tillation counter LSC-3500.
2.9. RNA isolation and Northern blot analysis
Total yeast RNA was prepared by extraction with
hot acidic phenol from yeast cells in the mid-log
growth phase (A600 = 1.0), as described in [33]. Deter-
mination of the amount of RNA and Northern blot-
ting were performed as described previously [34]. For
preparation of speci¢c probes, the corresponding
DNA fragments were radiolabelled by the multi-pri-
ming method [35]. The signal intensities of autora-
diograms were measured with a bioimaging analyzer
BAS-1500 Mac. (Fuji Film).
3. Results
3.1. Functional complementation of oxidative
phosphorylation of the AAC-disrupted yeast
strain by yAAC2 and bhAAC
For expression of the bovine heart mitochondrial
ADP/ATP carrier (bhAAC) in yeast cells, we pre-
pared the double disruptant strain of WB-12 by dis-
ruption of the intrinsic yAAC1 and yAAC2 genes of
the wild-type strain of S. cerevisiae W303-1B. First,
the growth of WB-12 was complemented by intro-
duction of the expression vector of yAAC2, the ma-
jor AAC expressed in yeast, on a plate containing
glycerol as a non-fermentable carbon source. The
single-copy plasmid (YCp) pRS314-YA2P and the
multi-copy plasmid (YEp) pYO326-YA2P, to which
ORF of yAAC2 was introduced, were used as ex-
pression vectors. For simplicity, we show the trans-
Fig. 2. Growth of various yeast cells on glycerol plates. Single-
copy (YCp) and multi-copy (YEp) type transformants were in-
oculated onto glycerol plates and their growths were examined
after 5 days at 30‡C. WT, wild-type W303-1B; WB-12, WT, in
which the yAAC2 and yAAC1 genes were disrupted; vector,
WB-12 transformed with vector without insertion of the DNA
fragments encoding AACs; yAAC2, bhAAC, y2NbhAAC and
y1NbhAAC, WB-12 cells transformed with the DNA fragments
encoding these AACs.
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formants of WB-12 as the ‘vector type/type of AAC’,
and this description is sometimes used for the vector
itself. Namely, YCp/yAAC2 represents the trans-
formant with an introduced single-copy type vector,
in which the DNA fragment encoding yAAC2 is in-
troduced, or the vector itself. As shown in Fig. 2, the
transformed WB-12 cells YCp/yAAC2 and YEp/
yAAC2 both grew to similar extents to that of the
wild-type strain W303-1B, indicating that their oxi-
dative phosphorylation activities were as e⁄cient as
that of the wild-type strain W303-1B. The growth
doublings of YEp/yAAC2, YCp/yAAC2 and W303-
1B in liquid YPGly medium were observed in about
4 h. In contrast, WB-12 cells did not grow.
Next, we prepared transformants of WB-12 in
which a DNA fragment encoding bhAAC was intro-
duced, and examined the growths of the YCp/
bhAAC and YEp/bhAAC thus prepared on glycerol
plates. The YCp/bhAAC transformant did not grow,
and growth of YEp/bhAAC was very slow with a
growth doubling time of more than 50 h in liquid
YPGly medium. To determine whether bhAAC was
expressed in yeast mitochondria, we carried out
SDS^PAGE and Western blotting of mitochondrial
proteins using antiserum against the entire bhAAC
and a synthetic peptide of the bhAAC-speci¢c se-
quence (His39^Ile60). Although the former antibody
cross-reacted with yAAC2 [23] (see Fig. 3B, lane
WT), the latter did not, showing that it is speci¢c
to bhAAC (see Fig. 3C, lane WT). As shown in
Fig. 3, the 34 kDa band of yAAC2 in W303-1B
(WT), YCp/yAAC2 and YEp/yAAC2 was clearly ob-
served by both SDS^PAGE (A) and Western blot-
ting (B). However, the V30 kDa CBB stained bands
of various AACs were not clearly distinguishable due
to overlapping of protein bands. The intensity of the
immunostaining band of bhAAC derived from the
multi-copy type YEp/bhAAC reacting with antise-
rum against entire bhAAC was extremely low (Fig.
3B), but this immunostaining band was detected
more distinctly with the speci¢c anti-peptide anti-
body (Fig. 3C). However, no band of bhAAC de-
rived from YCp/bhAAC was observed with either
antiserum (Fig. 3B,C). These results show that
bhAAC was expressed weakly but consistently in
the multi-copy type transformant, but was not ex-
pressed in the single-copy type transformant.
3.2. Functional complementation of oxidative
phosphorylation of the AAC-disrupted yeast
strain by chimeric bhAACs
The level of expression of a particular foreign pro-
tein may largely depend on its amino acid or nucleo-
tide sequence. Therefore, we compared the amino
acid sequence of 30 kDa bhAAC with those of
yAAC1 and yAAC2. As shown in Fig. 4, these three
AACs consist of about 300 amino acid residues, hav-
ing three homologous repeated domains, each of
which consists of two membrane segments linked
with a hydrophilic loop facing the matrix [1^4]. A
major di¡erence in these sequences is the N-terminal
region extending into the cytosol, which consists of
11, 26 and 16 amino acid residues in bhAAC [2,4],
yAAC2 [2,17] and yAAC1 [1], respectively. It was of
interest to examine the expressions of the chimeric
bhAACs, referred to as y2NbhAAC and
y1NbhAAC, in which the N-terminal region of
bhAAC was replaced by the corresponding regions
of yAAC2 and yAAC1, respectively.
First, we examined the expression of chimeric
y2NbhAAC. For this, DNA encoding this chimeric
AAC was inserted into YCp- and YEp-type expres-
sion vectors, and these were introduced into WB-12
Fig. 3. SDS^PAGE and Western blotting of mitochondrial pro-
teins from various yeast cells. Isolated mitochondrial proteins
(20 Wg) were subjected to SDS^PAGE. Proteins were detected
by staining with CBB (A), and by immunostaining with anti-en-
tire bhAAC antiserum (B) and with anti-peptide of bhAAC
(His39^Ile60) (C). WT and WB-12, yAAC2, bhAAC,
y2NbhAAC and y1NbhAAC are as for Fig. 2. C and E repre-
sent the single-copy type and multi-copy type transformant, re-
spectively. The result with 2.5 Wg bovine heart mitochondria
(BHM) is shown as a control.
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cells. As shown in Fig. 2, the resulting transformants
YCp/y2NbhAAC and YEp/y2NbhAAC grew well on
YPGly plates, and their doubling times in liquid
YPGly medium were both 8 h, which was only twice
that of wild-type W303-1B, YEp/yAAC2 and YCp/
yAAC2 under identical conditions. As shown in Fig.
3, y2NbhAAC was expressed well in mitochondrial
membranes of both single-copy and multi-copy
transformants, indicating that replacement of the
N-terminal region of bovine heart AAC by the cor-
responding region of yAAC2 resulted in signi¢cant
expression of AAC in yeast mitochondria.
Like y2NbhAAC, the single-copy and multi-copy
type transformants YCp/y1NbhAAC and YEp/
y1NbhAAC grew well on glycerol plates (Fig. 2),
their growth doubling times in liquid YPGly medium
being 24 h and 8 h, respectively, and the chimeric
bhAAC y1NbhAAC was also well expressed in yeast
mitochondrial membranes (Fig. 3). Thus, ability for
oxidative phosphorylation of AAC-de¢cient WB-12
cells was well complemented by introduction of
y2NbhAAC and y1NbhAAC.
3.3. Amounts of AACs expressed in various yeast cells
Next, we determined the amounts of AAC in mi-
tochondria of various yeast cells quantitatively. As
the 30 kDa AAC band on SDS^PAGE of the solu-
bilized sample of mitochondria with SDS overlapped
those of various mitochondrial proteins having mo-
lecular masses of about 30 kDa (Fig. 3A), the
amount of AAC could not be determined from its
CBB staining intensity. Therefore, we determined the
amount from the immunostaining intensity on reac-
tion with antiserum against the entire bhAAC. For
determination of the immunoreactivities of various
AACs with bhAAC antibody, the relationships be-
tween immunostaining intensities and the amounts of
AACs were ¢rst examined. For this, we solubilized
mitochondria with Triton X-100, and mixed the
preparation with hydroxylapatite gel. As most
AAC in this preparation is not adsorbed on hydrox-
ylapatite gel, and as the major component of the
unbound fraction was AAC [36], no appreciable
overlapping of the AAC band with other proteins
was observed on SDS^PAGE of the unbound frac-
tion after hydroxylapatite gel treatment. Therefore,
the amount of AAC was determinable from its band
intensity stained with CBB. We performed SDS^
PAGE and stained the bands with CBB and antise-
rum against bhAAC of the unbound fractions. Then,
we determined the immunoreactivities of various
AACs from the linear relationship between immu-
nostaining intensity and the amount of AAC. The
values relative to that of bhAAC were taken as the
relative immunoreactivity (RIR). Next, we per-
formed Western blotting of mitochondrial proteins
solubilized with SDS without hydroxylapatite gel
treatment. Then, we determined the amounts of var-
ious AACs from the immunostaining intensities of
the AAC bands, taking into consideration their
RIR values.
Fig. 4. Amino acid sequences of yAAC2, yAAC1 and bhAAC. Alignments of amino acid sequences of yAAC2, yAAC1 and bhAAC
are according to [1,2,4,17]. Asterisks and dots represent completely conserved and functionally similar amino acids, respectively. Puta-
tive transmembrane domains are shown in boxes. In chimeric AACs, the N-terminal region of bhAAC, shown by a double underline,
was replaced by the corresponding regions of the yAAC1 and yAAC2, shown by single underlines.
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The RIR value of yAAC2 was determined to be
22% ( þ 2% S.D. in three runs), and those of chimeric
y2NbhAAAC and y1NbhAAC to be 96% ( þ 4% in
three runs) and 97% ( þ 4% in three runs), respec-
tively, showing that the a⁄nities of the chimeric
AACs with bhAAC antibody were essentially the
same as that of bhAAC, but that the a⁄nity of the
yeast AAC was about 20% of that of bhAAC. The
RIR value of bhAAC expressed in yeast mitochon-
dria could not be determined exactly, because its
amount in the yeast mitochondrial membrane was
too low.
Next, we performed SDS^PAGE of the mitochon-
drial proteins from various yeast cells (Fig. 3). Values
for the amounts of AACs expressed in various yeast
mitochondrial membranes determined from the in-
tensities of immunostaining bands (Fig. 3B) and the
RIR values are summarized in Table 1. The amount
of bhAAC in bovine heart mitochondria (2.65 nmol/
mg protein) and that of yAAC2 in W303-1B mito-
chondria (0.79 nmol/mg protein) were almost the
same as the reported values determined by binding
of the speci¢c inhibitor CATR (2.0^2.5 nmol/mg
protein [7] and 0.64 nmol/mg protein [18], respec-
tively). In addition, the amount of yAAC2 in YCp/
yAAC2 was very similar to the total AAC in the
mitochondria of the wild-type W303-1B, and that
of yAAC2 in the multi-copy type transformant,
YEp/yAAC2, was more than 4-fold that in the sin-
gle-copy type YCp/yAAC2.
Expression of bhAAC in yeast mitochondria was
very low even in the multi-copy type transformant,
being about 1/380 of that of yAAC2 in YEp/yAAC2.
In contrast, replacement of the N-terminal region of
bhAAC by the corresponding region of yAAC2 re-
sulted in increase in expression of the chimeric AAC
in the single-copy type YCp/y2NbhAAC to a similar
level to that of yAAC2 in YCp/yAAC2. However,
expression in multi-copy type transformant, YEp/
y2NbhAAC, was lower than that in the single-copy
type transformant. Although expression of
y1NbhAAC in YCp/y1NbhAAC was not great,
being about 15% of that of y2NbhAAC in the sin-
gle-copy type transformant, its expression in the mul-
ti-copy type transformant was about the same as that
of y2NbhAAC in the multi-copy type transformant.
Table 1
Amounts of AAC expressed in various yeast mitochondrial membranes and ADP transport rates across mitochondrial membranes
Source of AAC AACa (nmol AAC/mg protein) vbADP (mol ADP/mol AAC per minute)
W303-1B 0.79 þ 0.08c 90.0 þ 14.3c
WB-12 n.d.d n.d.d
YCp/yAAC2 0.72 þ 0.05c 86.7 þ 16.7c
YEp/yAAC2 3.08 þ 0.45 n.d.e
YCp/bhAAC n.d.d n.d.d
YEp/bhAAC 0.008 þ 0.004f 18.8 þ 10.1f
YCp/y2NbhAAC 0.60 þ 0.12 22.4 þ 5.5
YEp/y2NbhAAC 0.44 þ 0.06g 25.9 þ 9.6g
YCp/y1NbhAAC 0.09 þ 0.02h 31.7 þ 5.7h
YEp/y1NbhAAC 0.40 þ 0.07 27.1 þ 5.4
Bovine heart 2.65 þ 0.47 28.4 þ 5.2
aAmounts of AAC expressed in mitochondria from various yeast cells. Values are means þ S.D. of those determined in ¢ve separate
experiments.
bInitial rate of mitochondrial ADP uptake determined from the amount of ADP incorporated into mitochondria on incubation for 3
and 5 s at 0‡C. In the case of bhAAC from YEp/bhAAC, the value was determined after incubation for 10 and 30 s. Values are
means þ S.D. of those determined in three separate experiments. For details, see Section 2.
cDetermined on the basis of the RIR of YEp/yAAC2.
dNot determined due to the small amount of AAC.
eNot determined due to too rapid ADP uptake.
f Determined on the basis of the RIR of bovine heart AAC.
gDetermined on the basis of the RIR of y2NbhAAC of YCp/y2NbhAAC.
hDetermined on the basis of the RIR of y1NbhAAC of YEp/y1NbhAAC.
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3.4. Transport activities of chimeric bhAACs
Next, we isolated mitochondria from various yeast
cells and examined their ADP transport activities. As
ADP transports in various yeast cells were inhibited
by the transport inhibitors CATR and BKA, ADP
transport in yeast mitochondria was concluded to be
mediated by the ADP/ATP carrier. The values for
the initial velocity (vADP) of various AACs at 0‡C
and pH 7.2 are summarized in Table 1. The vADP
value in YEp/yAAC2 was too fast to determine,
and that in YCp/bhAAC could not be determined
due to its very low amount of AAC in the mitochon-
drial membrane. The vADP value of yAAC2 in trans-
formed yeast cells was the same as that of AAC in
wild-type W303-1B, and the vADP values of chimeric
y2NbhAAC and y1NbhAAC, and expressed bhAAC
were very similar to that of bhAAC in bovine heart
mitochondria. These results show that the chimeric
bhAACs expressed in yeast were functionally compa-
rable with that of bhAAC in bovine heart mitochon-
dria.
3.5. Transcript levels of expressed AACs
We next performed Northern blot analysis of the
transcripts of AACs in various yeast cells. To deter-
mine the transcript levels, we prepared two probes,
an NaeI^BamHI fragment and NdeI^NaeI fragment
of DNAs encoding bhAAC and yAAC2, respec-
tively, and subjected RNA samples of various yeast
cells to Northern blotting. As shown in Fig. 5, hy-
bridization bands with the probe of yAAC2 were
observed with RNA samples of yAAC2 and
y2NbhAAC, but not with those of bhAAC and
y1NbhAAC. The probe of bhAAC hybridized with
RNA samples of bhAAC, y2NbhAAC and
y1NbhAAC.
As the transcript expressed in y2NbhAAC could
be detected with the probes of yAAC2 and bhAAC,
we could compare the relative signal intensities of all
transcripts. The transcript levels of yAAC2, bhAAC,
y2NbhAAC and y1NbhAAC were almost the same
in the same type of transformants, the levels in the
multi-copy transformants being about 5-times those
in the single-copy transformant, except that of
y2NbhAAC in the multi-copy type transformant.
The transcript level of y2NbhAAC in the multi-
copy type transformant was slightly lower than that
in the single-copy type transformant, being consistent
with results on immunodetection of the chimeric pro-
tein expressed (Fig. 3). Therefore, the lower expres-
sion of y2NbhAAC in yeast mitochondria in the
multi-copy transformant than in the single-copy
transformant was due to its lower transcript level
in the former. It is noteworthy that the transcript
level of the bhAAC in the single-copy type trans-
formant was almost the same as those of yAAC2,
y2NbhAAC and y1NbhAAC in single-copy type
transformants, indicating that the low expression of
bhAAC in yeast mitochondria was not due to its low
transcript level.
4. Discussion
There are no reports of functional expression of
Fig. 5. Steady-state transcript levels of AACs in various yeast
cells. Samples of RNA (5 Wg) were separated by electrophoresis
in formaldehyde containing gel and transferred to nitrocellulose
membranes, then they were hybridized with a DNA fragment
encoding the yAAC2 (87 bp NdeI^NaeI fragment of nucleotides
1^87 in the coding region of yAAC2, top panel) or that encod-
ing bhAAC (880 bp NaeI^BamHI fragment of nucleotides 41^
921 in the ORF of bANT1, middle panel). The AACs from var-
ious yeast cells are as for Fig. 2, and C and E represent single-
copy type and multi-copy type yeast transformants, respectively.
Values written under lanes are amounts of mRNA determined
from signal intensities of autoradiograms relative to that of the
single-copy type y2NbhAAC transformant. The amounts of
RNA samples were con¢rmed from the methylene blue staining
intensity of 28S rRNA on Northern blot analysis with the same
amounts of RNA samples (bottom panel).
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mammalian mitochondrial solute transporters such
as AAC and the phosphate carrier in yeast mito-
chondria except for those on the uncoupling protein
derived from rats and its mutant proteins, in which
expression was performed under control of an indu-
cible high-expression promoter such as gal10^cyc1
[37^39]. For understanding the molecular mechanism
by which AAC transports ADP/ATP, bhAAC is very
useful, because, of the various AACs, structural and
functional studies on it have been the most extensive.
Expression of the mutant bhAACs in yeast mito-
chondria and their functional characterizations
should be e¡ective for elucidation of the transport
mechanism. As a ¢rst step in such studies, we tried
to express bhAAC in S. cerevisiae. For examination
of the growth of transformed yeast cells on supple-
mentation of bioenergy by oxidative phosphorylation
with glycerol as a carbon source, as a measure of
expression of bhAAC, expression of bhAAC under
control of intrinsic yAAC2 promoter is better than
under the galactose-inducible promoter used for ex-
pression of the uncoupling protein. In addition, use
of single-copy expression vector is e¡ective for rever-
tant studies. Thus, we established a new expression
vector using the promoter of the gene encoding
yAAC2, known to be the isoform expressed predom-
inantly in yeast cells.
We succeeded in expression of bhAAC in yeast
mitochondrial membranes, although in very low
amount. However, its expression was signi¢cantly
improved by replacement of its N-terminal region
extending into the cytosol by the corresponding re-
gions of the yeast carrier isoforms yAAC2 and
yAAC1, and the oxidative phosphorylation ability
of AAC-de¢cient yeast WB-12 cells was comple-
mented well by the expressed chimeric bhAACs
y2NbhAAC and y1NbhAAC. The expression of
AACs in multi-copy type tranformants was greater
than that in single-copy type transformants except
for that of y2NbhAAC as re£ected by its transcript
levels. It is not clear at present why the transcript
level of y2NbhAAC in multi-copy type transform-
ants was lower than that in single-copy type trans-
formants. To date, functional complementation of
AAC-de¢cient S. cerevisiae by foreign AAC genes
has been achieved only by transformation with
AAC genes of other yeast cells, Schizosaccharomyces
pombe [40] and Kluyveromyces lactis [41]. This is the
¢rst report of transformation of yeast mitochondria
with a mammalian AAC gene.
Furthermore, the transport activities of the ex-
pressed chimeric bhAACs and native bhAAC ex-
pressed in the yeast mitochondrial membrane were
similar to that of bhAAC in bovine heart mitochon-
dria, showing that the expressed bhAACs functioned
as well as bhAAC in bovine heart mitochondria,
although the structural features of the N-terminal
regions of the chimeric bhAACs are quite di¡erent
from that of bhAAC. Thus, the sequence of the N-
terminal region of bhAAC extending into the cytosol
does not seem to be essential for transport activity.
Northern blot analysis showed that the steady
state transcript levels of the bhAACs in single-copy
type transformants were essentially the same as that
of yAAC2. Therefore, the low amount of native
bhAAC in the yeast mitochondrial membrane was
not due to ine⁄cient transcription or low mRNA
stability. The low expression of native bhAAC could
be due to (1) its ine⁄cient translation, (2) its suscept-
ibility to proteases, and/or (3) its ine⁄cient import
into the mitochondrial inner membrane. As the re-
placed N-terminal regions of the chimeric bhAACs
were only 3% of the total amino acid sequence of
bhAAC, this N-terminal region is unlikely to be as-
sociated with the e⁄ciency of translation or suscept-
ibility to proteases. In fact, our preliminary results
showed that chimeric yAAC2 in which the N-termi-
nal region was replaced by the corresponding region
of bhAAC (bhNyAAC2) was expressed well in yeast
mitochondria. Therefore, ine⁄cient import of
bhAAC into the yeast mitochondrial membrane
may cause its limited expression.
The import mechanism of the yeast AAC yAAC1
into mitochondrial membranes has been studied ex-
tensively [42^44]. Results showed that amino acids
72^111 and two-thirds of the sequence of the C-ter-
minal region, rather than the N-terminal region, of
yAAC1 are important for the import process. How-
ever, our results suggest that the N-terminal regions
of yAAC2 and yAAC1 are also important for import
into yeast mitochondrial membranes. As the amount
of y2NbhAAC in single-copy type transformants was
greater than that of y1NbhAAC in the same type of
transformants, the longer N-terminal region of
yAAC2 seemed favorable for import of the chimeric
bhAAC into the yeast mitochondrial membrane.
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Possibly, a certain signal sequence in the N-terminal
region of yAAC2 is involved in its e⁄cient import.
However, it seems di⁄cult to understand the mech-
anism why the chimeric bhNyAAC2 was well ex-
pressed in the yeast mitochondrial membrane, ac-
cording to our preliminary results. Further studies
are necessary for understanding the expression mech-
anism of AAC in the yeast mitochondrial membrane.
In this study, we succeeded for the ¢rst time in
functional expression of mammalian mitochondrial
AAC in yeast mitochondrial membranes by replace-
ment of the N-terminal region of bhAAC extending
into the cytosol by corresponding regions of yeast
AAC isoforms. By this procedure, various mutant
bhAACs could be expressed in the yeast mitochon-
drial membrane. These mutant bhAACs should be
useful for understanding the molecular mechanism
by which AAC transports ADP and ATP.
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